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HIGHLIGHTS 


i  Facile  preparation  of  basic  bismuth 
nitrates  as  novel  anode  materials, 
i  Basic  bismuth  nitrates  show  an  initial 
discharge  capacity  of  2792.9  mAh  g  '. 
>  The  lithiation  process  of  basic  bis¬ 
muth  nitrates  is  partially  reversible. 
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[Bi604](0H)4(N03)6-4H20.  [Bi604](0H)4(N03)6H20  and  [Bi604](0H)4(N03)6-H20/C,  derivated  from 
Bi(N03)3  •  5H20,  are  firstly  investigated  for  the  electrochemical  activity  as  anode  materials  for  lithium-ion 
batteries.  Electrochemical  results  show  that  [Bi604](0H)4(N03)6-4H20  can  deliver  a  higher  initial 
discharge  specific  capacity  (2792.9  mAh  g  ')  than  that  of  [Bi604](0H)4(N03)6  H20  (832.2  mAh  g  ’)  and 
[Bi604](0H)4(N03)6  H20/C  (1169.3  mAh  g  ')•  However,  the  capacity  retention  (60.3%)  and  reversible 
specific  capacity  (365.5  mAh  g  ')  of  [Bi604](0H)4(N03)6  H20/C  are  much  higher  than  those  of 
[Bi604](0H)4(N03)6  H20  (4.75%  and  39.6  mAh  g  ’)  and  [Bi604](0H)4(N03)6-4H20  (15.9%  and 
289.4  mAh  g  ')  in  the  first  30  cycles.  The  improved  electrochemical  properties  are  attributed  to  the 
decrease  of  crystal  water  in  the  structure  and  the  introduction  of  carbon  black  as  conductive  additive  and 
volume  change  buffer.  The  reaction  mechanism  of  [Bi604](0H)4(N03)6-H20/C  with  U  is  also  studied  in 
detail  by  using  various  ex-situ  and  in-situ  techniques  during  the  initial  charge-discharge  cycle.  It  can  be 
found  that  the  electrochemical  reaction  of  [Bi604](0H)4(N03)6-H20  with  Li  leads  to  the  preliminary 
formation  of  metal  Bi,  LiN03,  LiOH,  Li20  and  H20  and  then  the  alloying  reaction  to  form  Li— Bi  alloys. 

©  2014  Elsevier  B.V.  All  rights  reserved. 


1.  Introduction 

With  the  increasing  demands  for  using  portable  electronic  de¬ 
vices  in  modern  information-rich  society,  lithium  ion  batteries  have 


*  Corresponding  author.  Tel:  +86  574  87600787;  fax:  +86  574  87609987. 
E-mail  addresses:  sergio_shu@hotmail.com,  shujie@nbu.edu.cn  (J.  Shu). 

0378-7753 /$  -  see  front  matter  ©  2014  Elsevier  B.V.  All  rights  reserved. 
http://dx.doi.org/10.1016/jjpowsour.2013.12.121 


a  large  number  of  commercial  applications  [1—4],  Many  de¬ 
velopments  in  various  electronic  applications  require  long  cycle 
life,  high  energy  density  and  little  memory  effect.  Despite  many 
electrode  materials,  such  as  LiCoCh,  LiMn2C>4  and  LiFePCU,  have 
been  used  in  commercial  lithium-ion  batteries  in  the  past  two 
decades,  the  reversible  conversion  reactions  of  oxides  [5,6],  nitrides 
[7,8]  and  fluorides  [9—11  ]  with  Li  are  still  intensively  studied  at  the 
present  day.  Among  various  proposed  electrode  materials,  oxides  is 


K  Wu  et  at /Journal  of  Power  Sources  254  (2014)  88-97 


one  of  the  most  favored  electrodes  in  lithium  ion  batteries  for  their 
higher  specific  capacity  and  better  rate  property  than  commercial 
carbonaceous  anodes.  At  the  same  time,  nitrides  as  a  potential 
electrode  candidate  with  high  reversibility  also  have  attracted  at¬ 
tentions  in  recent  years. 

Recently,  bismuth-based  compounds  as  anode  materials  have 
been  conducted  intensive  studies  [12—16],  For  instance,  mineral 
bismuthinite  (Bi2S3)  has  been  used  widely  as  thermoelectricity  and 
photovoltaic  materials.  In  addition,  it  expressed  good  electro¬ 
chemical  properties  and  chemical  behavior  with  lithium  ions.  In 
order  to  improve  cycle  performance,  Bi2S3/C  nanocomposite  was 
synthesized  and  showed  a  better  cycle  retention  than  the  pristine 
sample  [15],  The  alloying  of  Bi  with  Li  made  the  bismuth-based 
compounds  have  higher  specific  capacity  than  carbonaceous  ma¬ 
terials  [13],  However,  the  shortcomings  of  poor  cycle  performance 
and  the  mechanical  instability  hinder  its  widely  application. 
Therefore,  many  developing  steps,  such  as  incorporating  carbon  or 
nanotubes,  are  carried  out  to  enhance  electrical  conductivity  and 
mechanical  properties. 

Although  carbon-based  anode  materials  are  widely  used  and 
dominate  the  market  of  commercial  lithium-ion  batteries,  metal 
nitrides  (such  as  CoN  17],  Sb3N  [18],  CrN  [19],  etc)  have  been 
considered  as  a  kind  of  potential  electrode  candidates  in  recent 
years  due  to  their  high  reversibility,  large  reversible  capacity  and 
low  insertion  potentials.  However,  the  nitrides  suffered  from  their 
obstacles  such  as  large  polarization  during  the  charge— discharge 
cycles.  In  addition,  huge  volume  changes  occurred  with  the  for¬ 
mation  of  metal-Li  alloys,  leading  to  the  crushing  and  pulverization 
of  the  electrode.  For  these  reasons,  many  efforts  should  be  done  to 
explore  new  electrode  materials  to  suppress  polarization,  volume 
change  and  irreversible  capacity  loss  during  the  charge  and 
discharge  process. 

In  this  paper,  [Bi604](0H)4(N03)6'4H20  and  [Bi604](- 
0H)4(N03)6  H20  are  firstly  investigated  as  novel  anode  materials 
for  lithium  ion  batteries.  Furthermore,  [Bi6C>4](0H)4(N03)6'H20/C 
composite  is  also  synthesized  and  its  electrochemical  performance 
is  carefully  studied  by  charge-discharge  cycle  and  cyclic  voltam- 
mogram  (CV).  Besides,  probable  lithium  insertion  and  extraction 
mechanisms  during  discharge  and  charge  process  are  proposed 
according  to  the  ex-situ  Fourier  transform  infrared  spectrometry 
(FTIR),  ex-situ  high  resolution  transmission  electron  microscopy 
(HRTEM),  selected  area  electron  diffraction  (SAED)  images,  ex-situ 
X-ray  diffraction  (XRD)  and  in-situ  XRD  analysis. 

2.  Experimental 

In  this  experiment,  Bi(N03)3 1 5H20  was  of  analytical  grade  and 
purchased  from  Guanghua  Chemical  Reagent  Shantou  Co.  Ltd  in 
China.  Bi(NC>3)3-5H20/C  composite  was  synthesized  by  mixing  of 
Bi(N03)3  -5H20  (1.0  g)  and  carbon  black  (200  mg)  in  ethyl  alcohol 
under  continuous  stirring  for  10  h.  The  solvent  was  evaporated  at 
60  °C  and  the  resulting  black  powder  is  Bi(N03)3-5H20/C.  Then, 
Bi(N03)3  -5H20/C  was  heat-treated  at  120  °C  in  a  vacuum  oven  for 
24  h  to  fabricate  the  objective  sample,  which  can  be  preliminarily 
defined  as  Bi(N03)3  -5H20/C-120.  For  comparison,  carbon  free  bis¬ 
muth  nitrates  were  synthesized  by  two  routes.  Sample  A  was  ob¬ 
tained  by  direct  heating  Bi(N03)3'5H20  at  120  °C  in  a  vacuum  oven 
for  24  h,  which  was  preliminarily  defined  as  Bi(NO3)3  -5H2O-120  A. 
Sample  B  was  prepared  by  dissolving  Bi(NC>3)3-5H20  in  ethyl 
alcohol  under  continuous  stirring  for  10  h.  The  solvent  was  evap¬ 
orated  at  60  °C  and  the  resulting  powder  was  put  in  vacuum  oven  at 
120  °C  for  24  h  to  form  the  objective  sample,  which  was  prelimi¬ 
narily  defined  as  Bi(N03)3  -5H20-120B. 

To  fabricate  working  electrode,  a  homogeneous  slurry  was 
formed  by  using  Bi(N03)3-5H20-120A  or  Bi(N03)3-5H20-120B  as 
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Fig.  1.  XRD  patterns  of  as-obtained  samples,  (a)  The  pristine  Bi(N03)3-5H20;  (b) 
[Bi604](0H)4(N03)6-4H20;  (c)  [Bi604](0H)4(N03)6H20;  and  (d)  [Bi604](- 

0H)4(NO3)6H20/C. 


active  material  (70  wt.%),  carbon  black  as  conductive  additive 
(20  wt.%)  and  polyvinylidene  fluoride  as  binder  (10  wt.%)  in  N- 
methylpyrrolidinone.  For  Bi(NO3)3  -5H2O/C-120,  the  homogeneous 
slurry  was  formed  by  using  Bi(N03)3  •  5H20/C-120  as  active  material 
(84  wt.%),  carbon  black  as  conductive  additive  (6  wt.%)  and  poly¬ 
vinylidene  fluoride  as  binder  (10  wt.%)  in  N-methylpyrrolidinone. 
Next,  the  slurry  was  uniformly  spread  on  Cu  foil  by  a  doctor-blade 
technique  and  this  as-obtained  film  was  dried  at  120  °C  in  a  vacuum 
oven  for  24  h.  Then  a  lot  of  discs  were  cut  with  a  diameter  of  15  mm 
and  used  as  the  working  electrodes  for  investigation. 

The  simulated  half  cells,  using  the  fabricated  electrode  as 
cathode,  lithium  disc  as  anode  and  Whaman  glass  fiber  as  sepa¬ 
rator,  were  assembled  in  an  argon-filled  glove  box.  The  Li- 
containing  electrolyte  is  1  mol  L-1  LiPF6  solution  with  the  solvent 
composition  of  ethylene  carbonate  and  dimethyl  carbonate  by  a 
volume  proportion  of  1:1.  The  charge— discharge  tests  were  con¬ 
ducted  on  a  multi-channel  Land  battery  test  system  (Wuhan  Jinnuo, 
China)  at  a  constant  current  of  50  mA  g  1  between  0.0  and  3.4  V 
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Fig.  2.  TG-DTA  curves  of  Bi(N03)3-5H20  in  argon. 
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and  the  cyclic  voltammograms  were  measured  on  CHI  1000B 
electrochemical  workstation  (Shanghai  Chenhua,  China)  at  a  scan 
rate  of  0.1  mV  s-1  between  0.0  and  3.4  V  at  room  temperature. 
Electrochemical  impedance  spectra  of  as-prepared  electrodes  were 
collected  by  a  CHI  660D  electrochemical  workstation  (Shanghai 
Chenhua,  China)  with  the  frequency  range  between  100000  and 
0.01  Hz. 

Thermogravimetric  (TG)  and  differential  thermal  analysis  (DTA) 
behaviors  of  Bi(N03)3  ■  5H20  were  obtained  by  a  Seiko  TG/DTA  6300 
instrument  under  argon  atmosphere.  The  structural  evolutions  of 
the  samples  were  measured  by  Bruker  AXS  D8  Focus  X-ray 
diffraction  instrument  with  Cu  Ka  radiation.  Samples  were 
observed  with  a  scan  angle  range  from  10  to  80°,  a  step  size  of  0.1° 
and  a  count  time  of  1  s.  The  powder  morphology  was  observed 


using  a  field  emission  scanning  electron  microscopy  (FE-SEM,  LEO 
1530).  Moreover,  structural  evolutions  of  active  material  during 
charge-discharge  cycles  were  observed  by  using  a  Shimadzu  FTIR- 
8900  Fourier  transform  infrared  spectrometry  between  500  and 
2500  cm-1.  Ex-situ  HRTEM  and  corresponding  SAED  images  were 
observed  by  using  JEOL  JEM-2100  high  resolution  transmission 
electron  microscopy. 

3.  Result  and  discussion 

Phase  purity  of  as-obtained  materials  was  obtained  using  X-ray 
diffraction  technique.  Fig.  1  shows  the  XRD  patterns  of  pristine 
Bi(N03)3-5H20  and  as-prepared  active  materials.  Fig.  la  shows  the 
XRD  pattern  of  pristine  Bi(N03)3  -5H20  powder  (JCPDS  card  No.12- 


Fig.  3.  SEM  images  of  as-obtained  samples,  (a,  b)  The  pristine  Bi(N03)3-5H20;  (c,  d)  [Bi604](0H)4(N03)6-4H20;  (e,  f)  [Bi604](0H)4(N03)6H20;  (g,h)  [Bi604](0H)4(N03)6  H20/C. 
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0148),  which  is  a  kind  of  anorthic  crystal  structure  and  its  space 
group  is  P-1  (No.  2)  and  its  cell  parameter  is  a  =  6.520  A, 
b  =  8.642  A,  c  =  10.683  A,  a  =  100.82°,  0  =  80.78°  and  y  =  104.77°. 
After  a  direct  heat-treatment  under  vacuum,  the  XRD  pattern  of 
Bi(N03)3-5H20-120A  in  Fig.  lb  can  be  indexed  to  the  characteristic 
structure  of  [Bi604](0H)4(N03)6-4H20  (JCPDS  card  No.  84-2189) 
that  belongs  to  monoclinic  crystal  structure  and  its  space  group  is 
P2i/c  (No.  14)  and  the  cell  parameters  are  a  =  9.059  A,  b  =  17.05  A, 
c  =  18.269  A  and  0  =  120.00°.  Fig.  lc  and  d  show  the  featured  XRD 
patterns  of  Bi(N03)3-5H20-120B  and  Bi(NO3)3-5H2O/C-120, 
respectively.  Based  on  the  JCPDS  card  No.  71-1360,  the  two  samples 
reveals  the  same  crystal  structure  and  space  group  as  that  of 
[Bi604](0H)4(N03)6-H20.  Their  cell  parameters  are  a  =  9.289  A, 
b  =  13.46  A,  c  =  19.527  A  and  0  =  114.13°. 

Fig.  2  shows  the  TG-DTA  curves  of  Bi(N03)3  ■  5H20  powder  under 
argon  atmosphere.  There  are  four  steps,  20—120  °C,  120—180  °C, 
180-320  °C  and  320-550  °C,  appeared  in  the  TG  curve  during 
weight  loss  process.  The  first  weight  loss  of  21.8%  between  20  and 
120  °C  can  be  attributed  to  the  partial  loss  of  crystal  water  and  NO3 
in  Bi(N03)3-5H20  to  form  [Bi604](0H)4(N03)6-4H20.  It  indicates 
that  Bi(N03)3  -5H20  transforms  into  [Bi604](0H)4(N03)6-4H20  after 
a  direct  heat-treatment  under  vacuum.  Other  three  weight  losses  in 
the  TG  curves  can  be  contributed  to  the  decomposition  of 
[Bi604](0H)4(N03)6  ■  4H20  •  and  the  final  formation  of  Bi203.  Com¬ 
bined  with  XRD  result,  the  weight  loss  in  TG  curve  indicates  that 
[Bi604](0H)4(N03)6-H20  cannot  be  obtained  by  a  direct  heat- 
treatment  under  vacuum  but  formed  after  recrystallization  in 
ethyl  alcohol  and  dehydration.  As  a  result,  the  as-prepared 
Bi(N03)3  ■  5H20-120A,  Bi(N03)3-5H20-120B  and  Bi(N03)3-5H20/ 
C-120  can  respectively  be  described  as  [Bi604](0H)4(N03)6'4H20, 
[Bi604](0H)4(N03)6  H20  and  [Bi604](0H)4(N03)6  H20/C  in  the 
following  section. 

The  SEM  images  reveal  the  morphologies  of  the  pristine 
Bi(N03)3-5H20,  [Bi604](0H)4(N03)6-4H20,  [Bi604](0H)4(N03)6-H20 


and  [Bi604](0H)4(N03)6-H20/C  as  shown  in  Fig.  3.  Fig.  3a  and  b  show 
the  surface  morphology  of  the  pristine  Bi(N03)3-5H20.  It  can  be 
clearly  observed  that  the  original  Bi(N03)3-5H20  is  composed  of 
blocks  about  2  pm  in  diameter.  Furthermore,  the  blocks  consist  of 
clusters  of  nanowires  with  100  nm  in  diameter  as  shown  in  Fig.  3b. 
For  comparison,  the  morphology  of  [Bi604](0H)4(N03)6-4H20 
changes  obviously  after  the  pristine  Bi(NC>3)3-5H20  heat-treatment 
at  120  °C  as  shown  in  Fig.  3c  and  d.  It  exhibits  the  clusters  of  rods 
with  2  pm  in  diameter  and  6-8  pm  in  length.  After  recrystallization, 
the  surface  morphology  of  [Bi6C>4](0H)4(N03)6-H20  powder  can  be 
observed  in  Fig.  3e  and  f.  It  shows  similar  rod-like  shape  with  that  of 
[ Big04]( OH )4( N03 )6  ■  4H20  but  displays  smaller  size  (about  0.5  pm  in 
diameter  and  3-4  pm  in  length).  After  coating  by  carbon  black, 
the  surface  morphology  of  [Bi604](0H)4(N03)6  H2O/C  is  shown 
in  Fig.  3g  and  h.  It  shows  similar  rod-like  shape  with  that  of 
[Bi604](0H)4(NC>3)6-H20.  Moreover,  these  rods  are  well  dispersed 
in  carbon  black  matrix  providing  larger  area  for  Li+  ions 
diffusion  and  higher  electronic  conductivity.  It  indicates  that  the 
[  Bi604](  OH  )4(  N03  )6  ■  FI20/C  composite  will  exhibit  a  better  cycle 
performance. 

Fig.  4a— c  illustrates  the  first  three  cyclic  voltammograms  for  the 
as-obtained  film  electrodes  of  [Bi604](0H)4(N03)6-4FI20,  [Bi604](- 
0H)4(N03)6-H20  and  [Bi604](0H)4(N03)6-H20/C  between  0.0  and 
3.4  V  with  a  scan  rate  of  0.1  mV  s  There  are  three  reduction  peaks 
at  about  1.67, 1.42  and  0.40  V  and  five  oxidation  peaks  at  around  1.02, 
1.32,  1.80,  2.54  and  2.84  V  in  the  initial  cycle  of  [Bi604](- 
0H)4(N03)6-4H20  as  shown  in  Fig.  4a.  During  the  subsequent  scan, 
four  reduction  peaks  at  1.53,  1.33,  0.47,  0.12  V  and  five  oxidation 
peaks  at  0.99, 1.33, 1.79, 2.47, 2.97  V  can  be  observed.  It  suggests  that 
the  electrochemical  reaction  of  [Bi604](0H)4(NC>3)6'4H20  with  Li  is 
a  complex  process.  After  recrystallization  in  ethyl  alcohol,  four 
reduction  peaks  at  2.28, 1.35, 1.11, 0.32  V  and  three  oxidation  peaks  at 
1.08,  2.36,  2.95  V  can  be  observed  for  [Bi604](0H)4(N03)6  H20  as 
shown  in  Fig.  4b.  In  contrast,  six  reduction  peaks  at  2.26, 1.46, 0.97, 
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0.60,  0.45,  0.16  V  and  five  oxidation  peaks  at  0.23, 1.07, 1.84,  2.39, 
2.82  V  appear  in  the  initial  cycle  of  [BigC>4](0Fl)4(N03)g  H2O/C  as 
shown  in  Fig.  4c.  The  evolution  of  redox  peaks  should  be  attributed 
to  the  partial  loss  of  crystal  water,  carbon  coating  and  the  change 
of  surface  morphology  and  particle  size.  Besides,  the  irreversible 
reduction  peak  at  1.0  V  should  be  contributed  to  the 
irreversible  electrolyte  decomposition  reaction  on  carbon 
black  (Supplementary  materials).  In  the  second  scan,  [Bi604](- 
0H)4(N03)6  H20  and  [Big04](0H)4(N03)eH20/C  show  similar 
redox  peaks  as  shown  in  Fig.  4b  and  c.  For  [Big04](0H)4(NC>3)g  H2O/ 
C,  it  reveals  four  reduction  peaks  at  1.73, 1.20,  0.62,  0.46  V  and  five 
oxidization  peaks  at  0.23, 1.05, 1.88, 2.34, 2.84  V  in  the  second  cycle. 
It  can  also  be  found  that  most  redox  peaks  of  [Bi6C>4](- 
0H)4(N03)6  H20  and  [Bi604](0H)4(N03)6-H20/C  appear  at  similar 
potentials  with  those  of  [BigC>4](0H)4(N03)g-4Fl20  electrode.  The 
difference  in  the  peak  current  at  0.23  and  0.97  V  suggests  that  the 
introduction  of  carbon  black  changes  the  lithium  storage  behaviors 
in  Li-alloying  reaction  at  low  potential  region,  which  is  familiar  with 
the  results  of  other  Bi-based  composites  as  anode  materials  for 
lithium-ion  batteries  [12—14],  Moreover,  some  additional  charge 
capacity  also  comes  from  the  lithium  storage  in  carbon 
(Supplementary  materials),  which  results  in  the  higher  oxidation 
peak  at  0.97  V  for  [BigC^KOHMNC^eftO/C  than  that  of  [Bi604](- 
0H)4(N03)6-4H20  and  [BigC^KOH^NCUte^O.  As  reported 
[20,21  ],  the  redox  polarization  of  electrochemical  process  and  the 
formation/decomposition  of  SEI  film  can  be  greatly  affected  by  the 
water  content  in  electrolyte.  During  the  irreversible  decomposition 
process,  different  water  amount  was  produced  by  [BigC>4](- 
OH)4(N03 )6 ■  4H20  and  [Bi604](0H)4(N03)eH20/C  (or  [Bi604](- 
OH)4(NC>3)6  H2O).  As  a  result,  the  existence  of  different  water 


content  in  electrolyte  results  in  the  slight  difference  of  some  redox 
peaks  for  [Bi604](0H)4(N03)6-4H20  and  [Bi604](0H)4(N03)6H20/C 
(or  [Bi604](0H)4(N03)6  H20)  in  CV  curves.  Besides,  much  more 
water  in  electrolyte  of  [Big04](0H)4(N03)6-4H20  battery  also  in¬ 
duces  the  more  noticeable  electrochemical  decomposition  of  SEI 
film  above  2.5  V. 

Fig.  5a— c  shows  the  charge— discharge  curves  of  [Bi6C>4](OH)4 
(N03)6-4H20,  [Bi604](0H)4(N03)6-H20  and  [Bi604](OH)4 

(N03)6-H20/C  as  anode  materials  in  the  first  three  cycles  at  a  cur¬ 
rent  density  of  50  mA  g~\  The  first  discharge  specific  capacities  for 
[Bi604](0H)4(N03)6-4H20,  [BigCUKOHMNCUte^O  and  [Bi604](- 
0H)4(N03)6  H20/C  between  0.0  and  3.4  V  are  2792.9, 1376.5  and 
1169.3  mAh  g  \  and  the  corresponding  initial  columbic  efficiencies 
are  65.1,  60.5  and  51.9%,  respectively.  It  indicates  that  the  irre¬ 
versible  formation  of  solid  electrolyte  interphase  (SEI)  film  and 
structural  breakdown  take  place  during  the  first  discharge  process. 
For  [Bi604](0H)4(N03)6-4H20,  the  initial  lithiation  plateaus  at 
around  1.65,  0.78  and  0.14  V  in  Fig.  5a  correspond  to  the  electro¬ 
chemical  decomposition  of  [Big04](0FI)4(N03)6-4Fl20  and  the  for¬ 
mation  of  Li— Bi  alloys  [13,15].  After  recrystallization  and  carbon 
coating,  [Bi604](0H)4(N03)6-H20  and  [Bi604](0H)4(N03)6  H20/C 
shows  similar  lithiation-delithiation  plateaus  as  shown  in  Fig.  5b 
and  c,  respectively.  For  [Bi604](0H)4(N03)6  H20/C,  these  lithiation 
plateaus  appear  at  the  potentials  of  1.19,  0.63  and  0.13  V  in  the  first 
discharge  process,  which  are  close  to  the  reduction  peaks  of  cyclic 
voltammograms  as  shown  in  Fig.  4c.  Besides,  a  longer  slope  appears 
at  1.65  V  for  [BigCUKOH^NCyg- H20  and  [BigC^KOHMNC^g- H20/ 
C  than  that  of  [Bi604](0FI)4(N03)g-4Fl20,  which  suggests  that  the 
electrochemical  behaviors  of  [Big04](0H)4(N03)g-4H20  are 
changed  by  recrystallization  and  carbon  coating.  Upon  delithiation, 
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Fig.  5.  Charge-discharge  curves  of  (a)  [Bi604](0H)4(N03)6-4H20,  (b)  [Bi604](0H)4(N03)6H20  and  (c)  [Bi604](0H)4(N03)6H20/C  between  0.0  and  3.4  V  at  a  current  density  of 
50  mA  g~\ 
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Fig.  6.  Cycling  properties  of  (a)  [Bi604](0H)4(N03)6-4H20,  (b)  [Bi604]{OH)4(N03)6H20  and  (c)  [Bi604](OH)4(N03)6H20/C. 


[Bi604](0H)4(N03)6-4H20  shows  one  plateau  at  0.87  V  and  one 
slope  at  3.00  V.  The  capacity  in  this  high  potential  slope  may  come 
from  side  reactions,  such  as  the  decomposition  of  SEI  film.  In 
contrast,  the  long  slop  at  3.0  V  disappears  after  carbon  coating  as 
shown  in  Fig.  5c.  It  suggests  that  [Bi604](0H)4(N03)6  H20/C  can  be 
used  as  high  capacity  anode  material  with  long-term  cycleability. 

To  compare  the  cycle  performance  of  [Bi604](0H)4(N03)g-4H20, 
[Bi604](0H)4(N03)6-H20  and  [BieC^KOHMNOate-FhO/C,  the  spe¬ 
cific  capacity  as  a  function  of  cycle  number  of  three  electrodes  is 
intuitively  shown  in  Fig.  6a,  b  and  c,  respectively.  It  is  clear  that 
[Bi604](0H)4(N03)6-4H20  electrode  shows  higher  initial  charge 
capacity  (1818.6  mAh  g-1)  and  reversible  specific  capacity 
(403.1  mAh  g'1)  than  those  of  [BigC^KOHMNOate^O  (832.2  and 
54.4  mAh  g”1)  and  [BigC^KOH^NC^g^O/C  (606.6  and 

376.3  mAh  g_1)  in  the  first  25  cycles.  However,  [Bi604](- 
0H)4(N03)6-H20/C  composite  exhibits  better  cycle  performance 
than  that  of  [BigC^KOHWNOaJg^O  and  [Bi604](- 
0H)4(N03)6-4H20.  The  capacity  retention  (60.3%)  and  reversible 
specific  capacity  (365.5  mAh  g  ')  of  [BigC>4](0H)4(N03)gH20/C  are 
much  higher  than  those  of  bare  [Bi604](0H)4(N03)6  H20  (4.75% 
and  39.6  mAh  g'1)  and  [Bi604](0H)4(N03)g-4H20  (15.9%  and 

289.4  mAh  g-1)  in  the  first  30  cycles.  It  is  clear  that  the  charge 
specific  capacity  of  [Big04](0H)4(N03)g-4H20  decreases  sharply 
upon  repeated  cycles.  The  capacity  loss  per  cycle  is  2.1%  in  the  first 
40  cycles,  which  is  much  higher  than  the  value  (0.99%)  of 
[Bi604](0H)4(NC>3)6'H20/C  composite.  It  can  be  concluded  that 
[Bi604](0H)4(NC>3)6'H20/C  composite  obtains  a  better  cyclic  per¬ 
formance  due  to  the  introduction  of  conductive  carbon  buffer  to 
maintain  the  electrode  stability  and  improve  the  electronic  con¬ 
ductivity  as  the  EIS  patterns  shown  in  Fig.  7.  Here,  all  the  EIS  spectra 
of  [Bi604](0H)4(N03)6-4H20  and  [BigCUKOHMNC^eHzO/C  are 
simulated  and  calculated  by  using  the  equivalent  circuit  as  inserted 
in  Fig.  7,  and  the  as-obtained  parameters  are  shown  in  Table  1.  In 


the  equivalent  circuit,  Rs  is  solution  and  contact  resistance,  Rct  is 
charge  transfer  resistance,  CPE  is  constant  phase  element,  and  W  is 
Warburg  diffusion  impedance.  As  shown  in  Table  1,  it  is  clear  that 
the  Rs  (5.036  Q)  of  [BigC^KOH^NC^e-^O/C  is  much  lower  than 
that  (22.46  Q)  of  [BigCUKOHWNCbfe^HzO.  It  indicates  that  the 
electronic  conductivity  is  greatly  improved.  Besides,  Rct  determines 
the  kinetic  properties  of  samples.  By  a  parallel  comparison  with  the 
calculated  data,  it  is  clear  that  the  Rct  (15.59  Q)  [BigCUK- 
0H)4(N03)6  H20/C  is  also  much  lower  than  that  (26.20  Q)  of 
[Big04](0H)4(N03)6-4H20.  Therefore,  [BigCUKOHWNOaJe-HzO/C 
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Fig.  7.  Electrochemical  impedance  spectra  of  (a)  [Bi604](0H)4(N0s)6-4H20  and  (b) 
[Bi604](0H)4(N03)6-H20/C  in  a  frequency  range  of  105-10"2  Hz. 
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Table  1 

The  simulated  data  calculated  from  EIS  spectra  using  the  equivalent  circuit. 

Sample  Rs(fi)  R/(0)  CPEt (pF)  Rct(fl)  CPE2(pF)  W(C2) 

[Bi604](0H)4(N03)6-4H20  before  cycles  22.46  0  0  26.20  0.004786  0.09559 

[Bi604jc0H)4(N03)6'4H20  after  cycles  23.16  21.21  1.398E-5  35.25  2.277E-5  0.1324 

[Bi604]C0H)4(N03)6'H20/C  before  cycles  5.036  0  0  15.59  3.192E-5  0.003985 

[Bi604]C0H)4(N03)6'H20/C  after  cycles  10.73  12.65  1.683E-5  19.66  2.79E-5  0.03446 


displays  better  electrochemical  properties  as  lithium  storage 
material. 

To  investigate  the  structural  transformation  of  [Bi604](- 
OH  )4( NO3  )6  ■  H20/C  composite,  ex-situ  FTIRand  ex-situ  XRD  patterns 
were  collected  on  the  [Bi604](0H)4(N03)6H20/C  electrodes  at 
selected  specific  capacity  during  the  initial  charge-discharge  pro¬ 
cess.  There  are  five  simulated  cells  dismantled  in  Ar-filled  glove 
box,  which  are  named  as  patterns  (a)— (e),  including  patterns  (a)— 
(c)  in  the  first  discharge  process  and  patterns  (c)— (e)  in  the  initial 
charge  process  as  shown  in  Fig.  8a.  For  the  ex-situ  FTIR  analysis,  the 
lithiated  and  delithiated  samples  were  rinsed  by  dimethyl  car¬ 
bonate  to  remove  the  electrolyte  in  Ar-filled  glove  box.  The  as- 
prepared  samples  were  dried  under  vacuum  condition  for  12  h  to 
remove  dimethyl  carbonate  and  then  mixed  with  KBr  to  form  semi¬ 
transparent  slices  for  FTIR  observation.  For  comparison,  the  elec¬ 
trodes  for  ex-situ  XRD  investigation  were  directly  tested  without 
any  further  treatment. 

Fig.  8b  shows  the  ex-situ  FTIR  analysis  ranging  from  1100  to 
1800  cm-1.  The  characteristic  vibration  of  NO3  in  [Bi604](- 
0H)4(N03)6  H20/C  can  be  contributed  to  the  band  approximately  at 
1385  cm-1  [22],  It  can  be  found  that  the  intensity  of  characteristic 
infrared  peak  for  NOJ  shows  a  gradual  and  slight  decrease  during 
the  electrochemical  lithiation  process  as  shown  in  Fig.  8b.  However, 
the  characteristic  peak  of  NO3  does  not  disappear  at  the  end  of 
discharge  process,  which  indicates  an  irreversible  phase  trans¬ 
formation  reaction  from  [Bi604](0H)4(N03)6-H20/C  to  LiNC>3.  Be¬ 
sides,  Fig.  8b  shows  that  the  intensity  of  characteristic  peak  for  NO3 
has  no  evolution  during  the  delithiation  process,  indicating  the 
impossible  regeneration  of  [Bi604](0H)4(N03)6-H20/C.  At  the  same 
time,  the  intensity  of  characteristic  band  at  1634  cm-1  attributed  to 
the  bending  vibration  of  H-0  also  shows  slight  decrease  upon 
lithiation.  During  the  reverse  charge  process,  the  H-0  band  shows 
no  obvious  evolution.  These  results  also  indicate  that  an  irreversible 
phase  transformation  reaction  from  [Bi604](0H)4(N03)6-H20/C  to 
LiOH. 

The  ex-situ  XRD  patterns  obtained  at  the  selected  capacity  of 
charge-discharge  process  in  Fig.  8a  are  performed  to  investigate 
the  transformation  reactions  of  [Bi604](0H)4(N03)6H20/C  and  Li, 
and  the  as-obtained  results  are  presented  in  Fig.  8c.  The  pristine 
pattern  (a)  in  Fig.  8c  shows  a  lot  of  characteristic  diffraction  peaks  at 
10.75°,  12.44°,  22.51°,  23.22°,  25.34°  and  26.32°  corresponding  to 
the  characteristic  lines  of  [Bi604](0H)4(N03)6H20  (JCPDS  card  No. 
71-1360).  Furthermore,  the  characteristic  peaks  at  43.24°  and 
50.41°  can  be  identified  to  copper  foil  current  collector  (JCPDS  card 
No.  03-1005).  It  can  be  observed  that  the  characteristic  peaks  of 
[Bi604](0H)4(N03)6  •  H20  weaken  gradually  during  the  lithiation 
process.  Then,  the  characteristic  peaks  of  [Bi604](0H)4(N03)6-H20 
disappear  and  a  new  peak  can  be  observed  at  27.30°  in  the  middle 
of  discharge  process,  corresponding  to  the  formation  of  metal  Bi 
QCPDS  card  No.  85-1331).  After  a  further  discharge  to  0.0  V,  two 
new  diffraction  peaks  can  be  detected  at  26.95°  and  22.81°,  corre¬ 
sponding  to  the  formation  of  Li3Bi  (JCPDS  card  No.  27-0472)  and 
LiBi  alloys  QCPDS  card  No.  27-0422),  respectively.  No  other 
diffraction  peaks,  such  as  LiOH,  LiN03  and  Li20,  can  be  observed  at 
the  end  of  discharge,  which  is  similar  to  the  amorphous 
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(c)  patterns  of  [Bi604](OH)4(N03)6-H20/C  obtained  for  ex-situ  XRD  analysis  during  the 
initial  charge-discharge  process. 
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discharge  process. 


phenomena  of  other  metal  oxides  and  hydroxides  after  full  lith- 
iation  [23-25],  In  the  reverse  delithiation  process,  the  diffraction 
peaks  of  LiBi  and  Li3Bi  alloys  disappear  and  six  new  diffraction 
peaks  can  be  observed  at  27.30°,  38.08°,  39.75°,  46.36°,  49.01°  and 


56.30°.  These  diffraction  peaks  are  corresponding  to  the  (012), 
(104),  (110),  (113),  (202)  and  (024)  lines  of  metal  Bi  (JCPDS  card  No. 
85-1331 ).  No  other  phases  cannot  be  indexed  to  the  formation  of 
Bi203,  Bi(OH)3  and  Bi(N03)3.  It  suggests  that  the  electrochemical 
reaction  of  [Bi604](0H)4(N03)g  •  H20/C  with  Li  is  partially  reversible. 

In  order  to  further  investigate  the  structural  revolution  of 
[Bi604](0H)4(N03)6-H20/C  during  the  charge-discharge  process, 
the  in-situ  XRD  results  are  studied  and  shown  in  Fig.  9.  Due  to  the 
use  of  thick  Be  disc  (2  mm)  as  X-ray  transmission  window,  some 
diffraction  peaks  in  low  angle  range  (<20°)  cannot  be  observed  in 
this  experiment.  As  shown  in  Fig.  9,  the  evolution  of  characteristic 
diffraction  peaks  can  still  be  observed  in  the  first  cycle.  It  is  clearly 
observed  that  the  characteristic  diffraction  peaks  of  [Bi604](- 
0H)4(N03)6  H20/C  become  weaker  upon  lithiation  and  finally 
disappear  during  the  initial  discharge  process.  The  appearance  of 
diffraction  peak  at  27.26°  contributing  to  the  characteristic  (012) 
peak  of  metal  Bi  (JCPDS  card  No.  85-1329)  can  be  observed  during 
the  discharge  process.  Upon  further  lithiation,  this  characteristic 
peak  of  metal  Bi  disappears  and  a  new  diffraction  peak  appears  at 
22.82°  corresponding  to  the  (111)  line  of  Li3Bi  (JCPDS  card  No.  27- 
0472).  This  phenomenon  is  consistent  with  the  ex-situ  XRD  result. 
In  the  reverse  charge  process,  the  diffraction  peak  at  22.82°  be¬ 
comes  weaker  and  totally  disappears.  For  comparison,  the  charac¬ 
teristic  peaks  of  metal  Bi  appears  at  27.26°  and  39.84°  (JCPDS  card 


Fig.  10.  (a,  b)  HRTEM  images  and  (c)  corresponding  SAED  pattern  of  lithiated  [Bi604](OH)4(N03)6  H20/C  sample  after  a  discharge  process  to  0.0  V. 
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Fig.  11.  (a,  b)  HRTEM  images  and  (c)  corresponding  SAED  pattern  of  delithiated  [Bi604](0H)4(NO3)6'H20/C  sample  after  a  reverse  charge  process  to  3.4  V. 


No.  85-1329),  indicating  the  de-alloying  process  of  Li-Bi  alloys  to 
form  metal  Bi  during  the  charge  process. 

Figs.  10  and  11  show  the  ex-situ  HRTEM  and  ex-situ  SAED 
patterns  obtained  at  0.0  and  3.4  V.  After  a  discharge  process  to 
0.0  V,  three  characteristic  interplanar  distances  can  be  detected  in 
Fig.  10a,  b  and  measured  to  the  values  of  3.255,  3.365,  and  4.020 
(4.027)  A,  which  are  respectively  ascribed  to  (012)  plane  of  metal 
Bi  (JCPDS  card  No.  85-1331),  (110)  plane  of  LiBi  alloy  (JCPDS  card 
No.  27-0422)  and  (110)  plane  of  Li2Bi  alloy  (JCPDS  card  No.  45- 
0956).  These  HRTEM  results  are  proved  by  the  appearance  of 
diffraction  ring  patterns  of  Bi,  LiBi  and  Li2Bi  in  Fig.  10c.  Besides,  the 
appearance  of  Li20  and  LiNC>3  is  also  confirmed  by  the  observation 
of  characteristic  planes  of  (220)  line  (1.618A)  for  Li20  and  (222) 
line  (2.533  A)  for  LiN03.  The  formation  of  metal  Bi,  Li-Bi  alloys, 
Li20  and  LiN03  provides  the  evidence  to  confirm  the  electro¬ 
chemical  decomposition  mechanism  of  [Bi6C>4](0H)4(N03)6-H20/C, 
which  is  also  in  agreement  with  the  conclusions  of  ex-situ  XRD 
and  in-situ  XRD  observations.  With  a  reverse  charge  to  3.4  V, 
almost  all  characteristic  interplanar  distances  and  ring  patterns  for 
Li-Bi  alloys  disappear  except  for  the  (201 )  plane  of  LiBi  alloy  as 
shown  in  Fig.  11.  Moreover,  the  clear  existence  of  characteristic 
interplanar  distances  and  ring  patterns  for  Li20  and  LiN03  in¬ 
dicates  the  irreversible  transformation  of  [Bi604](0H)4(N03)6-H20 


into  Li20  and  LiN03.  It  also  suggests  that  the  de-alloying  of  Li— Bi 
alloys  should  be  mainly  responsible  for  the  reverse  charge  capacity 
for  [Bi604](0H)4(N03)6  H20/C. 

Based  on  the  above  ex-situ  FTIR,  ex-situ  XRD,  in-situ  XRD,  ex-situ 
HRTEM,  ex-situ  SAED  results  and  previous  reports  about  oxides, 
hydroxides  and  carbonates  [13,15,23,24,26-28],  the  lithium  storage 
mechanism  of  [Bi6C>4](0H)4(N03)6'H20/C  during  the  charge- 
discharge  process  can  be  described  by  the  following  equations: 


[Bi604](0H)4(N03)g-H20  +  18Li+  +  18e-  -^6Bi  +  4Li20 


+  4LiOH  +  6LiN03  +  H20 

0) 

Bi  +  Ii+  +  e~<->LiBi 

(2) 

LiBi  +  Li+  +  e_  <-*■  Li2Bi 

(3) 

Li2Bi  +  Li+  +  e  <->Li3Bi 

(4) 

As  the  ex-situ  and  in-situ  results  described  in  Supplementary 
materials,  the  lithium  storage  mechanism  of  [BigC^K- 
0H)4(N03)6-4H20  is  similar  to  that  of  [Bi604](0H)4(N03)6  H20. 
Therefore,  the  electrochemical  reaction  of  [Bi604](0H)4(N03)6-H20 
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(or  [Bi6C>4](0H)4(N03)6'4H20)  with  Li  will  firstly  lead  to  the  pre¬ 
liminary  formation  of  metal  Bi,  UNO3,  LiOH,  Li20  and  H2O  and  then 
result  in  the  alloying  reaction  to  form  Li — Bi  alloys.  In  the  reverse 
charge  process,  the  de-alloying  of  Li — Bi  alloys  should  be  respon¬ 
sible  for  the  reversible  lithium  storage  capacity  in  the  subsequent 
cycles,  which  makes  [Big04](0H)4(N03)g-H20/C  to  be  a  promising 
anode  materials  for  lithium-ion  batteries. 


of  High  Performance  Ceramics  and  Superfine  Microstructure 
(SKL201308SIC). 


Appendix  A.  Supplementary  data 

Supplementary  data  related  to  this  article  can  be  found  at  http:// 
dx.doi.org/10.1016/jjpowsour.2013.12.121 
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In  this  paper,  [Bi604](0H)4(N03)6-4H20,  [Big04](0H)4(N03)6H20 
and  [Bi604](0H)4(N03)6  H20/C  are  prepared  from  Bi(N03)3-5H20 
and  used  as  anode  materials  for  lithium-ion  batteries.  Although 
[Bi604](0H)4(N03)6-4H20  electrode  shows  higher  initial  charge  ca¬ 
pacity  (1818.6  mAh  g-1)  and  reversible  specific  capacity 
(403.1  mAh  g’1)  than  those  of  [Bi604](0H)4(N03)6  H20  (832.2  and 
54.4  mAh  g’1)  and  [BigCUKOHMNC^jg-HzO/C  (606.6  and 
376.3  mAh  g1)  in  the  first  25  cycles,  [BigCUKOH^NOsje-^O/C 
exhibits  better  cycle  performance  than  that  of  [BigC>4](- 
0H)4(N03)6  H20  and  [BigC^KOH^NOsje^O  during  long-term 
cycles  (>30).  Furthermore,  the  capacity  retention  (60.3%)  and 
reversible  specific  capacity  (365.5  mAh  g-1)  of  [Bi604](- 
OH )4( NO3 )6 •  H20/C  are  much  higher  than  those  of  bare  [Bi604](- 
0H)4(N03)6-H20  (4.75%  and  39.6  mAh  g”1)  and 

[Bi604](0H)4(N03)6-4H20  (15.9%  and  289.4  mAh  g"1)  in  the  first  30 
cycles.  The  structure  transformation  of  [Big04](0H)4(N03)g-H20/C  is 
also  studied  by  ex-situ  FTIR,  ex-situ  XRD  and  in-situ  XRD  techniques 
during  the  first  charge-discharge  cycle.  The  results  of  ex-situ  FTIR 
show  a  asymmetrical  evolution  of  the  relative  intensities  of  NOj  and 
H— 0  bands,  which  indicates  that  the  irreversibility  of  structural 
transformation  for  [Big04](0H)4(N03)g  H20/C  during  the  charge- 
discharge  process.  Ex-situ  and  in-situ  XRD  results  show  that  the 
reversible  alloying  and  de-alloying  reaction  of  Li— Bi  alloys  should  be 
responsible  for  the  reversible  lithium  storage  capacity  of  [BigC>4](- 
0H)4(N03)6-H20/C. 
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